The evolutionary significance of chromosome size polymorphism was explored in a representative panel of 26 Trypanosoma cruzi stocks. We tested a progressive model (aCSDI) assuming that the larger the size difference between homologous chromosomes, the more divergent the parasites are. This was contrasted with a non-progressive model (Jaccard's distance), in which any chromosome size difference has the same weight. ACSDI-based dendrograms were very similar to those built-up from multilocus enzyme electrophoresis (MLEE) and random amplified polymorphic DNA (RAPD) data : structuring in 2 major lineages (T. cruzi I and T. cruzi II) and 5 small subdivisions within T. cruzi II was identical, and branching was very similar. Furthermore, a significant correlation (P 0n001) was observed between aCSDI and phenetic distances calculated from MLEE and RAPD data. In contrast, analysis of chromosome size polymorphism with Jaccard's distance generated dendrograms with relatively long branches, causing most branching points to cluster close together, which generates statistically uncertain branching points. Our results thus support a model of progressive chromosome size-variation and show that despite an extensive polymorphism, chromosomal sizes constitute valuable characters for evolutionary analyses. Furthermore, our data are consistent with the clonal evolution model previously proposed for T. cruzi.

Trypanosoma cruzi is the causative agent of Chagas disease, which is one of the major parasitic diseases affecting humans in South America. T. cruzi has a broad host and vector range ; it can infect a large number of different mammal species and it is transmitted by several species of blood-sucking reduviid bugs. The disease has been estimated to affect 16-18 million people in South America (World Bank, 1993) , but control programmes are in progress (Schofield & Dias, 1999) . The clinical manifestations of Chagas disease show considerable variation in affected individuals, from asymptomatic to severe symptoms including death. Interestingly, there is correlation between geographical location and the clinical symptoms of the disease (Miles et al. 1981 ; Brener, 1982) . This geographical correlation might depend on several different factors, e.g. differences between parasite strains (Laurent et al. 1997) , insect vector and human populations in different areas.
An extensive heterogeneity among different T. cruzi isolates has been described using Multilocus Enzyme Electrophoresis (MLEE) and DNA analyses, leading in the past to different attempts of classification. Last recommended nomenclature (Momen, 1999) refers to 2 major lineages, T. cruzi I and T. cruzi II. Furthermore, more recent studies by MLEE, RAPD, 24Sα rRNA, 18S rRNA and miniexon PCR markers allowed the unambiguous identification of 5 smaller subdivisions within T. cruzi II (T. cruzi IIa-e ; Barnabe! , Brisse & Tibayrenc, 2000 ; Brisse, Barnabe! & Tibayrenc, 2000 ; Brisse, Verhoef & Tibayrenc, 2001 ). The strong genetic structuring observed within T. cruzi is parsimoniously explained by long-term clonal evolution with only rare events of genetic hybridization (Tibayrenc, 1995) .
Heterogeneity of T. cruzi was also observed at the level of molecular karyotyping (Engman et al. 1987 ; Henriksson et al. 1990) . In a previous study including 46 T. cruzi stocks (Henriksson, Petterson & Solari, 1993) , samples with similar MLEE profiles showed identical or a very similar molecular karyo-type. Reciprocally, samples with different MLEE profiles showed a different molecular karyotype. However, the evolutionary significance of karyotype variation was never explored, mostly due to the absence of an underlying theoretical model.
A first insight in karyotype evolution can be gained by analysis of chromosome size polymorphism. In Trypanosomatids, this phenomenon is frequent and mostly due to expansion\contraction of tandem repeats (Wagner & So, 1990 ; Campetella et al. 1992 ; A H slund et al. 1994 ; Henriksson et al. 1995 Henriksson et al. , 1996 Victoir et al. 1995 ; Inga et al. 1998 ; Kebede et al. 1999) . Chromosome fusion\fission events might also play a role, albeit occurring very rarely (Britto et al. 1998) . Accordingly, we assumed that the larger the size difference between homologous chromosomes from different stocks, the more divergent the stocks are (progressive model). On this basis, we designed the absolute chromosomal size difference index (aCSDI), a phenetic method allowing to weight size differences (Dujardin et al. 1995) . This method contrasts with presence\absence approaches like the distance of Jaccard (1908) , in which any size difference has the same weight (nonprogressive model). ACSDI was previously applied to Leishmania populations and shown to be relevant for building evolutionary hypotheses at intraspecific (Dujardin et al. 1995 (Dujardin et al. , 1998 and genus (Dujardin et al. 2000) levels.
In the present study, we aimed to (i) analyse the evolutionary significance of chromosome size-variation in T. cruzi, and (ii) determine if the progressive model is more appropriate to represent the process of chromosome evolution in T. cruzi. Therefore, we applied the aCSDI model to the analysis of 7 chromosomes in a representative panel of 26 T. cruzi cloned stocks. Results were compared with those obtained by MLEE and RAPD on one hand, and by Jaccard's analysis of chromosomal size on the other hand.
  

Parasites
Epimastigote forms of T. cruzi were grown on liquid medium supplemented with 5 % fetal calf serum (Diamond, 1968) . Information about the samples listed in Table 1 is taken from reports by Tibayrenc & Ayala (1988) or Tibayrenc et al. (1993) with the exception for Sylvia X10 cl.7 (Dvorak et al. 1982) , Sp104 cl.1 (Apt et al. 1987 ; Solari et al. 1992) , and CL Brener (Goldberg & Silva Pereira, 1983) . Throughout the present work, we adopted the recommended nomenclature (Momen, 1999) for T. cruzi groups, i.e. T. cruzi I and II. However, this classification was completed by subdivision of T. cruzi II into 5 smaller subdivisions (IIa-e) according to Barnabe et al. (2000) and Brisse et al. (2000 Brisse et al. ( , 2001 . For comparison with previous works, we included in Table 1 the equivalence to classification by Miles et al. (1980 ; zymodemes I, II and III) and Tibayrenc et al. (1986, clonets 1-43) .
DNA preparation and electrophoresis
Agarose-embedded DNA samples for PFGE were prepared as described by Engman et al. (1987) and in each gel slot DNA corresponding to approximately 5-10i10' epimastigotes was loaded. All chromosomal separations were performed in a Chef Mapper apparatus (Bio-Rad), using the conditions described for PFGE separating programme I (Henriksson et al. 1995) which generates reproducible separations of good quality with an almost linear size separation of DNA molecules of sizes between 400 and 1800 kb. As size markers Saccharomyces cerevisiae and Hansenula wingei chromosomes (Bio-Rad) were used. After the separation had been completed, the DNA was transferred to nylon filters (Pall Biodyne) as described (Henriksson et al. 1990 ).
Probes and hybridization
Seven chromosomes, shown to constitute conserved linkage groups (Henriksson et al. 1995) were hybridized with specific markers : 4 gene fragments, 1F8 (Gonzalez et al. 1985) , cruzipain (A H slund et al. 1991), FFAg6 (Porcel et al. unpublished observations) and Tc2 (Iban4 ez et al. 1988) , and 3 anonymous genomic markers, CA7.12, CA7.32 and P19 (Henriksson et al. 1995) . The selected markers hybridized to small or intermediate-sized chromosomes ranging between 400 and 1800 kb in all isolates, with only 2 exceptions (FFAg6 marker hybridized to large chromosomes migrating in the compression zone of the gel in the b2148 and the b2149 stocks). The probes were $#P labelled using the Rediprime kit (Amersham). Nylon filters containing separated chromosomes were hybridized and washed at high stringency conditions as described (Henriksson et al. 1990) . The filters were then exposed to X-ray films (XAR, Kodak) at various times to achieve optimal exposures for each individual sample. Some nylon filters were used for several sequential hybridizations with different probes. The previously used probe was removed and the successful removal of the old probe was examined by exposure of stripped filters to X-ray films as described (Henriksson et al. 1995) .
Chromosome size estimation
The sizes of the chromosomes were estimated from the central, most dense, part of either ethidium bromide-stained, size-standard chromosomes or hybridization spots revealed by the used markers. For each PFGE gel a standard curve was constructed based on the migration of the size standards. The sizes of hybridizing chromosomes were divided into 5 kb size intervals which were used for aCSDI Ready & Miles (1980) ; b clonet according to Tibayrenc et al. (1986) ; c recommended nomenclature (Momen, 1999) with clade classification according to Barnabe! et al. (2000) and Brisse et al. (2000 Brisse et al. ( , 2001 . Between parentheses : code used in the present study.) analysis (aCSDI & , Table 2 ). For the FFAg6 marker, which hybridized to the compression zone of the gel in the b2148 cl.1 and the b2149 cl.1 stocks, a given value of 1800 kb was used for further analysis for these two samples. In addition, size estimation with 50 kb intervals was used for comparing aCSDI and Jaccard's distance (aCSDI &! and JD &! , respectively). The 50 kb intervals were based on the 5 kb size interval values, e.g. 5 kb size interval values from 525 to 570 were given the value of 550 kb.
Phenetic analyses
Two methods were used for quantifying chromosome size dissimilarity. First, the absolute Chromosomal Size Difference Index (aCSDI) which considers chromosomes as a continuous variable and weight size variation (progressive model) : 2 chromosomes showing a 25 kb size difference are considered to diverge less than 2 chromosomes presenting a 200 kb size difference. The method is based on a diploidy hypothesis (Lanar, Levy & Manning, 1981 ; Tibayrenc, Cariou & Solignac, 1981 ; Oliveira et al. 1999 ). In the case of 2 stocks each presenting a single chromosomal band (2 co-migrating sister chromosomes), size difference is counted twice. When 1 of the isolates is presenting a double band (2 differentsized homologues), size difference is measured between each of them and the single band of the second stock, and the sum considered for aCSDI. The index was calculated with a basic program developed previously (available on request to J. C. Dujardin) as described elsewhere (Dujardin et al. 1995) . Secondly, the karyotype divergence between different samples was also calculated by Jaccard's distance method (Jaccard, 1908) : D ij l 1ka\(ajbjc) where a l number of bands that are common to the stocks i and j ; b l number of bands present in the first genotype and absent in the second ; c l number of bands absent in the first genotype and present in the second. In this procedure, chromosomes are considered as a discrete variable and there is no weighing of size variation (non-progressive model) : 2 chromosomes differing by 25 kb are considered to diverge similarly to 2 chromosomes differing by 200 kb. MLEE and RAPD data (Tibayrenc et al. 1993 ; Ben Abderrazak et al. 1993) were also processed by Jaccard's distance. UPGMA trees based on the aCSDI and Jaccard's distance data were constructed using the PHYLIP package software (Felsenstein, 1993). The error of the estimated size of a chromosome was estimated to correspond to 25 kb for each individual hybridizing chromosome (Giannini et al. 1990 ; Dujardin et al. 1995) . Therefore, a threshold of significance should be considered when interpreting aCSDI & dendrograms. This was estimated as previously described (Dujardin et al. 1995) : number of chromosomes studiedi2 (pairs of homologues of a diploid chromosome)i25 kb, i.e. a threshold value of 300 kb for 6 chromosomes. No threshold was considered for aCSDI &! dendrograms, as it was already considered in the 50 kb size class used for it.
Statistical tests
Correlation analysis between phenetic distances calculated from chromosome, MLEE and RAPD data was performed by 2 tests. Linear regression was analysed by the conventional method using the Excel program. Agreement between distances inferred from PFGE on the one hand, MLEE and RAPD on the other hand, was estimated through a nonparametric Mantel's test (Mantel, 1967) , with ADE-4 software (Thioulouse et al. 1997) . Briefly, this test relies on a Monte Carlo simulation with 10% iterations, which randomly permutes the different cells of one of the distance matrices. Contrary to the classical correlation test, this randomization procedure does not need any assumptions about the number of degrees of freedom. Correlations were considered to be significant at P values below 0n05.

Chromosome size polymorphism
In order to analyse chromosome size polymorphism within T. cruzi, 26 cloned stocks were selected (Table 1 ). Most of them had previously been phenetically analysed by MLEE and RAPD (Tibayrenc et al. 1993) . The sample showed a broad geographical and biological diversity ; the stocks originated from 4 different countries and represented the 2 major groups T. cruzi I and II and the 5 smaller subdivisions of T. cruzi II previously identified (Barnabe! et al. 2000 ; Brisse et al. 2000 Brisse et al. , 2001 .
Chromosomes from the T. cruzi stocks were separated by PFGE and hybridized with 7 different markers and the sizes of hybridizing chromosomes were estimated into 5 kb size intervals (Table 2 ). All 7 markers revealed different hybridization patterns with the exception of CA7.12 and CA7.32 which showed identical patterns in all samples related to T. cruzi I and in 1 stock of T. cruzi IIb (Esmeraldo). This might be explained by co-migration of 2 nonhomologous chromosomes in these stocks. However, and Jaccard's distance calculated from MLEE data, and (B) Jaccard's distance calculated from chromosome and MLEE data. Diamond\I, distances calculated within group I ; square\I-II, distances between I and II ; triangle\II, distances within II.
ACSDI dendrograms from combined chromosome data
The estimated sizes of hybridizing chromosomes divided in 5 kb size intervals (Table 2) were used to perform a phenetic analysis of the different T. cruzi stocks under the progressive model (aCSDI & ). Because of the possibility of a linkage of CA7.12 and CA7.32 in T. cruzi I (and the associated risk of redundancy in aCSDI analyses), combined dendrograms were built up from 6 chromosomes only. No significant differences were observed between combined dendrograms using either CA7.12 or CA7.32 together with the 5 other markers (not shown). The 6 marker-aCSDI & dendrogram using CA7.12 is shown in Fig. 1A ; a 300 kb threshold (see Materials and Methods section) allowed identification of significant clustering. Two major groups were identified, corresponding to T. cruzi I and II respectively (Tibayrenc et al. 1995) . They were separated by a very high aCSDI value (3500 kb). T. cruzi I was more homogeneous than T. cruzi II, with maximal aCSDI values of 1300 and 2800 kb, respectively. Within T. cruzi II, stocks clustered according to each of the 5 subdivisions T. cruzi IIa-e.
Comparison of chromosome size polymorphism with MLEE and RAPD data
Simple examination of aCSDI & dendrogram (Fig.  1A) revealed a similar topology to dendrograms constructed from MLEE and RAPD data ( Fig.  1 B, C) . Clustering was identical and branching of the clusters very similar. The only difference concerned the branching point of T. cruzi IIc, close to (i) T. cruzi IIe in the aCSDI & dendrogram (Fig.  1A) , (ii) IId-e in MLEE dendrogram (Fig. 1B) , and (iii) IIa in RAPD dendrogram (Fig. 1C) . Furthermore, some stocks identical in MLEE and RAPD analyses (T. cruzi IId) were very different at chromosome level, with aCSDI values similar to that reported for the whole T. cruzi I (Fig. 1A) . Phenetic distances calculated on 22 stocks from chromosome (aCSDI & ), MLEE and RAPD patterns showed to be significantly correlated ( Fig. 2A) , with P values of linear regression and Mantel tests lower than 0n01 and high correlation coefficient (0n89 for aCSDI\ MLEE and 0n85 for aCSDI\RAPD). Furthermore, scattering of data on the graph was low.
Comparison of numerical methods for chromosome analysis
In order to further validate the progressive model, aCSDI was compared with the Jaccard's distance, a method which does not weigh chromosome size difference ; therefore, chromosome size estimated with 50 kb intervals was used. Theoretically, a threshold value should not be applied on this type of dendrogram as the error in size estimation is already considered when defining the 50 kb size classes. The aCSDI &! dendrogram was very similar to the aCSDI & dendrogram (not shown). All stocks, with 3 exceptions (P11, 13379 and LGN), showed conserved location between the aCSDI & and aCSDI &! dendrograms and the maximal aCSDI values between all stocks, and within T. cruzi I and II were approximately the same. However, with the Jaccard's distance, much longer branches were observed on the dendrogram (Fig. 1D) , which generates statistically uncertain branching points. Furthermore, even if stocks of T. cruzi I clustered together, the relationships within T. cruzi II were different : (i) 2 clusters were individualized, 1 (containing members of T. cruzi, IIa, IIb and IId) being closer to T. cruzi I than to other members of T. cruzi II, and (ii) stocks of T. cruzi IId did not cluster together. Jaccard's distances were significantly correlated with distances calculated from MLEE and RAPD data (P 0n01) ; however, correlation coefficients were lower (0n75 for Jaccard\MLEE vs. 0n89 for aCSDI\MLEE and 0n74 for Jaccard\RAPD vs. 0n85 for aCSDI\RAPD). This reflects a much higher dispersion of points on the corresponding distance graphs (see example for Jaccard\MLEE in Fig. 2B ), in contrast to the low scattering observed with aCSDI ( Fig. 2A) .

In this study, 2 models were considered to analyse the evolutionary significance of chromosome size polymorphism among 26 stocks representative of T. cruzi. Most of the samples had previously been characterized with the widely used MLEE and RAPD (Tibayrenc et al. 1993) , which made it possible to compare relationships as estimated with these different genetic markers. Fundamental difference between models used for karyotype analysis concerned the progressive (aCSDI ; Dujardin et al. 1995) or non-progressive (distance of Jaccard, 1908) nature of chromosome size variation.
The progressive model was supported by our results. Firstly, correlation between phenetic distances calculated from chromosome data on one hand, and MLEE\RAPD data on the other hand, were better with aCSDI than with Jaccard's distance. Secondly, in contrast to Jaccard-based dendrograms, aCSDI dendrograms were very similar to those built-up from MLEE and RAPD data : (i) identical structuring in 2 major lineages and 5 lower subdivisions, and (ii) very similar branching. Besides the general agreement between aCSDI and MLEE\ RAPD analysis, there were some stocks that showed a higher divergence at chromosome level (e.g. T. cruzi IId). The high discriminatory power of molecular karyotyping has been reported previously in Leishmania (Dujardin et al. 1998 ) and is likely due to the different nature and frequency of the events involved in chromosome variation (gene rearrangement) and MLEE\RAPD polymorphism (mostly point mutations).
The theoretical model underlying aCSDI presumes that the more the size of homologous chromosomes differs, the more parasite stocks are divergent (Dujardin, 1995) . The model fits with the molecular bases of chromosome size variation in Trypanosomatids, which are thought to consist essentially in variation in copy number of tandemly repeated genes (Wagner & So 1990 ; Campetella et al. 1992 ; A H slund et al. 1994 ; Henriksson et al. 1995 Henriksson et al. , 1996 Victoir et al. 1995 ; Inga et al. 1998 ; Kebede et al. 1999) , a process prone to be progressive. Obviously, chromosome size variation may be bidirectional (amplification or deletion) and reversible, with a consequent high risk of convergence. The congruence here observed suggests that this risk is minimal or not higher than for RAPD and MLEE, certainly when several chromosomes are considered together. The gradual nature of expansion\compres-sion could explain the progressive hierarchization observed within each of the 2 main lineages of T. cruzi. However, it hardly explains the long branches existing between the 2 major lineages, and reflecting dramatic size-differences observed between variants of several chromosomes. Corresponding high aCSDI values could reflect an ancient division between both lineages that would have allowed mutations to accumulate, a concept supported by several reports (Tibayrenc et al. 1986 (Tibayrenc et al. , 1993 Souto et al. 1996 ; Nunes, de Carvalho & Buck, 1997) . The lack of size intermediates between chromosome variants characterizing the 2 subpopulations might eventually be explained by the absence of such intermediates in the present sample or by a natural selection against them. However, another explanation might be proposed, i.e. major rearrangements like chromosome fusion or splitting. The case of the CA7.12 and 7.32 chromosomes strongly supports this hypothesis, as both markers seemed to be linked in T. cruzi I but not in T. cruzi II. This suggests the ancient occurence of either a chromosome breakage or a fusion (Henriksson et al. 1995) , as also reported in Leishmania (Britto et al. 1998 ; Wincker et al. 1996) . The occurrence of such mechanisms would not impede the use of aCSDI ; on the contrary, the large size differences associated with chromosome fusion\ fission will have a major weight in the analysis, and thus fit with the evolutionary weight of the event. Physical mapping of the corresponding chromosome size variants should allow confirmation of this hypothesis.
Strong agreement between different kinds of genetic markers as reported here is a sign of linkage disequilibrium and constitutes classical circumstantial evidence for clonal evolution, a hypothesis previously proposed to account for the genetic polymorphism of T. cruzi (Tibayrenc et al. 1986 ). An alternative hypothesis, although far less parsimonious, would be to infer the presence of 6 biological species within T. cruzi. However, even within the lesser subdivisions, clear evidence for rarity of sexual event is present (Barnabe! et al. 2000) . Noteworthy, CL Brener, the stock selected for the T. cruzi genome sequencing project was recently shown to be a representation of these rare hybridization events (Machado & Ayala, 2001 ). Interestingly, this is supported by our present karyotype data, as CL Brener (i) showed 2 different size variants for each of the studied chromosomes, (ii) some of them (like 1F8, CA7.32 and cruzipain) presenting the large size differences mentioned above.
In conclusion, our results showed that despite an extensive size polymorphism, chromosomes constitute valuable markers for evolutionary analyses among Trypanosomatids, when progressive size variation is taken into account. Identification of major evolutionary groups should call for particular attention to the genic content of chromosomes responsible for major structuring, and to their potential relationship with biological (including medical) differences.
